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The process of arteriosclerosis begins early in life and cardiovascular risk factors 
identified in childhood tend to persist into adulthood. Cardio-ankle vascular index 
(CAVI), a recent parameter of arterial stiffness, is considered an independent predictor 
of cardiovascular risk. However, there are no studies reporting sex- and age-specific 
physiological values of CAVI in childhood. We aimed to establish reference values for 
CAVI and its blood pressure-corrected variant (CAVI0) in 500 healthy children and 
adolescents aged 7 to 19 years and to study potential relationships with anthropometric 
indices.  
Sex- and age-specific distributions of CAVI and CAVI0 values in healthy children and 
adolescents are presented. Boys aged 15–19 years had lower CAVI than girls, which 
could result from CAVI’s slight blood pressure dependence. CAVI0 did not show such 
sex difference. Body roundness index — a novel parameter to quantify abdominal fat — 
was a strong anthropometric predictor of both CAVI and CAVI0.  
This is the first study providing pediatric age- and sex-specific reference values for 
arterial stiffness parameters CAVI and CAVI0. The presented data can contribute to the 
understanding of the evolution of these indices during childhood and adolescence. 
Under specific conditions, CAVI0 may offer more robust information about arterial 
stiffness than standard CAVI. 
 







It is well known that the process of arteriosclerosis, sometimes in combination with 
atherosclerosis, begins early in life. Furthermore, the presence of risk factors identified 
in childhood, e.g., overweight or hypertension, tends to be stable and persist into 
adulthood (Falkner 2008; Juhola et al. 2011). Cardiovascular diseases present a large 
burden on the adult population. Despite some improvements in mortality rates, 
cardiovascular morbidity shows an increasing trend and causes more premature deaths 
than any other condition (Nichols et al. 2014). Early evaluation of arterial structure and 
function during childhood could help to identify those individuals with increased risk of 
later cardiovascular events within the initial, potentially reversible, phase of vascular 
damage (Fernhall and Agiovlasitis 2008; Ghazi et al. 2017).  
Arterial stiffness reflects alterations of both structural and functional properties of the 
arterial tree and is considered to be an independent predictor of cardiovascular risk 
(Laurent et al. 2006; Townsend et al. 2015). However, conventional markers of arterial 
stiffness, e.g., pulse wave velocity (PWV), are substantially affected by acute changes 
in blood pressure (BP) during examination which can lead to erroneous conclusions 
(Spronck et al. 2015). To overcome this problem of BP dependence, Shirai et al. 
proposed cardio-ankle vascular index (CAVI) (Shirai et al. 2006a). CAVI combines 
stiffness index β and the Bramwell-Hill equation to obtain an index that can be 
calculated using arterial BP and PWV (as opposed to β which is calculated from arterial 
BP and diameter). Recently, CAVI was found to theoretically be still partially affected 
by BP during the time of measurement, albeit to a lesser degree than PWV (Spronck, 





proposed, which is suggested to offer a less BP-dependent index of arterial stiffness 
(Mestanik et al. 2017; Spronck, Avolio, et al. 2017; Spronck, Mestanik, et al. 2017). 
In adults, CAVI increases progressively with age and with risk factors such as 
hypertension, diabetes mellitus, or smoking (Shirai et al. 2011; Wang et al. 2013; 
Wohlfahrt et al. 2017). Moreover, this increase is associated with distinct morphological 
and functional measures of arteriosclerosis, e.g., carotid intima-media thickness, carotid 
distensibility, coronary artery stenosis, and arterial calcification (Okura et al. 2007; Park 
et al. 2012). In children, there are only few studies on arterial stiffness measured using 
CAVI. These studies showed increased CAVI in adolescents with essential hypertension 
compared to healthy controls, positive correlation with age, and an inverse relationship 
with body mass index (BMI) and sleep duration (Mestanik et al. 2016, 2017; Morita et 
al. 2016; Philip et al. 2015). However, the interpretation and clinical application of 
CAVI as a marker of arterial stiffness in pediatric healthcare is limited due to absence of 
studies on its sex- and age-specific physiological values during childhood. Therefore, 
we aimed to 1) collect reference values for CAVI and CAVI0 in 500 healthy children 
and adolescents aged 7-19 years, and to 2) study potential relationships of CAVI and 








The study was approved by the Ethics Committee of Jessenius Faculty of Medicine in 
Martin, Comenius University in Bratislava in accordance with the 1964 Helsinki 
declaration and its later amendments. All participants and their parents/legal 
representatives were carefully instructed about the study protocol and they gave written 
informed consent to participate in the study prior to examination.  
 
Subjects 
The study population consisted of 500 healthy children and adolescents (250 males) 
aged 7–19 years recruited from local schools and clinical offices. The following 
exclusion criteria were strictly applied prior to enrolment: smoking, history of recent 
acute illness or chronic cardiovascular, respiratory, endocrine, neurological, metabolic, 
or infectious diseases or mental disorders, obesity, and medication or dietary 
supplementation which could affect the cardiovascular or autonomic nervous systems.  
  
Anthropometric measures 
Height (h, m) and weight (w, kg) were measured, and body mass index (BMI, kg/m2) 
was calculated as BMI=w/h2. The corresponding adult BMI was assessed for each 
participant aged <18 years as the BMI value potentially reached at age 18 years if the 
subject's BMI would remain at the same percentile level according to the Extended 





circumference (WC, m) was measured at the midpoint between the lowest border of the 
rib cage and the upper border of the iliac crest at the end of normal expiration. Body 
surface area (BSA, m2) was estimated using the Mosteller equation as: BSA
ℎ 𝑤 36⁄ , where h is height (m) and w is weight (kg) (Mosteller 1987). 
In addition to conventional anthropometric parameters, two recently proposed indices 
were evaluated: a body shape index (ABSI) and body roundness index (BRI), which 
combine information about waist circumference, height, and BMI (only ABSI) to 
estimate the amount of abdominal fat tissue (Krakauer and Krakauer 2012; Thomas et 
al. 2013). ABSI and BRI were calculated using formulas:  
ABSI / /  , and 






Examinations were carried out under standard conditions according to recommendations 
(Laurent et al. 2006) (room temperature 22 °C, minimization of stimuli) between 8.00 
and 10.00 a.m. Participants were instructed to avoid physical exercise and consumption 
of substances that could affect cardiovascular function (e.g., caffeine, alcohol) 24 hours 
prior to the examination. Before the examination, participants were resting in supine 





The assessment of arterial stiffness indexed by CAVI, parameters for calculation of 
CAVI0, and other cardiovascular parameters was performed using the vascular 
screening system VaSera 1500N (Fukuda Denshi Co., Tokyo, Japan). At the time of 
examination, subjects remained in supine position with both arms on the bed, parallel to 
the body, and with limb cushions placed below the elbows and heels to prevent contact 
of the limb cuffs with the bed. Electrocardiographic electrodes were placed on both 
wrists, oscillometric blood pressure (BP) cuffs wrapped around the arms and ankles, 
and a microphone for phonocardiography placed on the sternum at the level of the 
second intercostal space.  
 
Evaluated parameters 
CAVI and CAVI0 were determined from simultaneous electrocardiographic, cardiac 
phonographic, brachial and ankle pulse wave recordings and subsequent brachial and 
ankle BP measurements. 
 
Cardio-ankle vascular index calculation 
CAVI-values for the left and the right side were directly calculated by the VaSera 
device using the following equation: 
CAVI 𝑎 2𝜌 Δ𝑃⁄ ln SBP DBP⁄ PWV 𝑏 , 
with SBP and DBP the right brachial systolic and diastolic blood pressure, respectively; 





pulse wave velocity, and a and b proprietary scale conversion constants. PWV (heart-
ankle) is calculated as 
/
 , where L is length from the aortic valve to the ankle, 
tb  is the time between aortic valve's closing sound and the notch of right brachial pulse 
wave (approximately equal to the time between aortic valve's opening sound and the 
rise of brachial pulse wave), and tba / is the time between the foot of the right brachial 
pulse wave and the foot of either the left (tba ) or right (tba ) ankle pulse wave, 
respectively yielding left and right CAVI. Note that tb tba /  represents the transit 
time of the pulse wave from the aortic valve to the ankle (Shirai et al. 2006b; Spronck, 
Mestanik, et al. 2017). 
 
Calculation of corrected cardio-ankle vascular index CAVI0 
Despite the claimed BP-independence of CAVI, given its own assumptions, CAVI is 
theoretically still slightly affected by BP during examination (Spronck, Avolio, et al. 
2017). CAVI0 theoretically excludes this BP effect, and is defined using following 
equations for calculation of left (CAVI0,L) and right (CAVI0,R) corrected cardio-ankle 
vascular index:  
 CAVI ,
∙
ln  , and 
 CAVI ,
∙
ln  . 
Pref is an arbitrarily chosen fixed reference pressure (in the present study Pref=100 






Brachial and ankle systolic and diastolic BPs were measured and ankle-brachial index 
(ABI) was calculated as a ratio of the left or right ankle systolic BP to average value of 
the left and right brachial systolic BPs (if an interarm systolic BP gradient was less than 
10 mmHg) or to higher value of the brachial systolic BPs (if an interarm systolic BP 
gradient was 10 mmHg or more).  
 
Statistical analyses 
Data were analyzed using statistical software package SAS (SAS Institute, Cary, NC, 
USA). Data were tested for normality of distribution using the Shapiro-Wilk test and for 
homogeneity of variance using Levene's test. The comparison of differences between 
age groups (7–10, 11–14, and 15–19 years) was performed using analysis of variance 
(ANOVA) and post hoc Fisher's Least-Significant-Difference test for data with normal 
distribution and equal variance or using Kruskal-Wallis test with post hoc Dwass, Steel, 
Critchlow-Fligner multiple pairwise comparison for between-groups comparison of 
parameters with non-normal distribution or unequal variance. Sex differences were 
analyzed using unpaired two sample Student t-test for data with normal distribution and 
using Mann–Whitney U test for variables with non-normal distribution. 
Data were additionally analyzed using linear regression modelling with CAVI or 
CAVI0, as dependent variables. Ten candidate predictors were measured in this study 
(age, sex, height, weight, WC, BSA, BMI, adult BMI, BRI, and ABSI). Age and sex 





other 8 candidate predictors were created (28=256 models), and for each model the 
Akaike Information Criterion (AIC) was calculated. The model with the lowest AIC for 
which the variance inflation factor (VIF) of all parameters was <10, was subsequently 
chosen as most appropriate. Regression analyses were followed by 1) a check for the 
presence outliers using Cook’s distance, and 2) a visual check for normality and 
homoscedasticity through residual plots. Independence (e.g., using a Durbin-Watson 
test) was not formally evaluated as all cases (subjects) were intrinsically independent. 
For CAVI and CAVI0, the higher values from the left and the right side were used as the 
representative values in the results. p<0.05 was considered statistically significant. Data 
are expressed as mean ± standard deviation or median (interquartile range). Combined 
scatter and percentile plots were generated using the statistical package R (version 
3.3.2) (R Foundation for Statistical Computing; Vienna; Austria 2015) and the 
quantregGrowth (version 0.3-2) package that implements quantile regression (Muggeo 







Sex- and age-specific distributions of CAVI and CAVI0 are presented in Figure 1; sex-
specific percentiles of CAVI and CAVI0 in the age groups of 7–10, 11–14, and 15–19 
years of age are presented in Table 1. The anthropometric characteristics of the sex and 
age groups are summarized in Table 2. 
 
Arterial stiffness parameters CAVI and CAVI0 
Comparisons of age and sex groups 
The effect of age group (7–10, 11–14, and 15–19 years of age) on arterial stiffness 
parameters CAVI and CAVI0 was significant for both boys (F[2]=19.17, p<0.001; 
F[2]=24.62, p<0.001; respectively) and girls (χ2[2]=54.17, p<0.001; χ2[2]=42.34, p<0.001; 
respectively). Post hoc analysis revealed a progressive increase in CAVI0 from 7–10 to 
15–19 years of age for both boys and girls with significantly higher CAVI0 in the 
groups aged 11–14 compared to 7–10 years (p<0.001, p<0.05, respectively) and in the 
groups aged 15–19 compared to 7–10 and 11–14 years (p<0.001 for all comparisons). 
CAVI was significantly increased in both boys and girls aged 15–19 compared to 7–10 
(p<0.001 for both) and 11–14 years (p<0.01, p<0.001, respectively). CAVI was 
significantly higher in boys aged 11–14 compared to 7–10 years (p<0.01) but not in 
girls aged 11–14 compared to 7–10 years (p=0.096; Table 3). 
Among the groups of children aged 7–10, 11–14, and 15–19 years, the boys aged 15–19 





no significant difference in CAVI0 (p=0.759; Table 3). No significant sex differences 
were found in parameters of arterial stiffness in groups aged 7–10 and 11–14 years. 
 
Regression analysis 
Based on the AIC, we determined the strongest predictors for CAVI and CAVI0 in the 
total group of 500 participants. The statistical models including these parameters and 
additionally including age and sex are shown in Table 4. 
CAVI was strongly determined by age, weight, and BRI. Note that sex did not (linearly) 
influence CAVI (p=0.395). CAVI0 was strongly determined by age, BRI, and BMI. 
Again, sex did not (linearly) influence CAVI0 (p=0.441). 
None of the presented regression models suffered from influential outliers (largest 
Cook’s distance of 0.034), non-normality, or heteroscedasticity. 
 
Cardiovascular parameters 
Comparisons of age and sex groups 
Heart rate, diastolic BP, pulse pressure, and ABI differed significantly among age 
groups in both boys (χ2[2]=53.10, p<0.001; F[2]=12.74, p<0.001; χ2[2]=34.02, p<0.001; 
F[2]=36.02, p<0.001; respectively) and girls (χ2[2]=49.53, p<0.001; F[2]=3.31, p<0.05; 
χ2[2]=13.88, p<0.001; F[2]=72.73, p<0.001; respectively). The effect of age group on 





in girls (F[2]=1.12, p=0.328). Results of the post hoc comparisons are summarized in 
Table 3. 
Among the age groups, heart rate was significantly higher in girls compared to boys in 
the groups of 11–14 and 15–19 years of age (p<0.001 for both) with a tendency toward 
significantly higher heart rate in girls aged 7–10 years (p=0.071). Systolic BP was 
significantly higher in boys compared to girls aged 15–19 years (p<0.001) with no 
significant sex differences in the groups of 7–10 and 11–14 years of age (p=0.529, 
p=0.465, respectively). Pulse pressure was significantly higher in boys compared to 
girls in the groups of 11–14 and 15–19 years of age (p<0.05, p<0.001, respectively) 
with no significant sex difference in subjects aged 7–10 years (p=0.821). ABI was 
significantly higher in boys compared to girls in the groups of 7–10 and 11–14 years of 
age (p<0.01, p<0.001, respectively) with no significant sex difference in subjects aged 
15–19 years (p=0.610). No significant sex differences were found for diastolic BP. The 







The present study provides pediatric age- and sex-specific reference values for arterial 
stiffness parameters CAVI and CAVI0. We found that CAVI0 showed, to some extent, 
more robust assessment of the age-linked differences in arterial stiffness in healthy 
children than CAVI. Regarding the sex differences, CAVI0 was not significantly 
different between boys and girls in all the three groups of 7–10, 11–14, and 15–19 years 
of age. In contrast, among adolescents aged 15–19 years, boys had lower CAVI which 
was associated with higher systolic and pulse pressure compared to girls, a finding that 
could be explained from CAVI’s slight theoretical blood pressure dependence. The 
novel body index BRI was a strong anthropometric predictor for both CAVI and 
CAVI0. 
The concept of arterial stiffness refers to mechanical properties of the load-bearing 
structures of arterial wall, such as collagen and elastin fibers, as well as to the effects of 
functional components including changes of smooth muscle tone related to alpha-
adrenergic innervation, endothelial function and multiple humoral factors (A. Avolio 
2013; Townsend et al. 2015). The stiffness of the arterial wall is an essential 
determinant of the vascular impedance (the relationship between changes in BP and 
blood flow) which determines the buffer and conduit functions of arteries as well as 
ventricular-vascular coupling considered as a key pathophysiological mechanism of 
several cardiovascular diseases (Townsend et al. 2015). Therefore, early assessment of 
the loss of arterial wall elasticity provides an important non-invasive marker of 
subclinical vascular damage. However, the clinical application of distinct arterial 





developmental characteristics, particularly in children and adolescents characterized by 
vulnerable age-related developmental processes.  
Arterial structure begins to resemble the adult form between the 2 and 8 years of age 
(Senzaki et al. 2002; Voges et al. 2012). During childhood, arteries undergo significant 
growth-related changes, e.g., thickening of the muscular medial layer related to 
progressively increasing BP, reduction of vascular compliance and distensibility 
associated with early medial restructuring and increased deposition of collagen (A. P. 
Avolio et al. 1983; Sarkola et al. 2012; Senzaki et al. 2002). The stiffness of the arterial 
wall is a result of (the balance between) these mechanisms. Previous studies in children 
and adolescents reported an age-dependent increase of arterial stiffness assessed using 
PWV (A. P. Avolio et al. 1983; Fischer et al. 2012; Laurent et al. 2006). However, 
PWV increases with higher BP during examination, which may lead to potentially 
inaccurate results (Spronck et al. 2015). Interestingly, CAVI, which had been previously 
claimed as a BP-independent index of arterial stiffness, is theoretically also affected by 
acute changes of BP (Spronck, Avolio, et al. 2017). In the present study, contrary to 
CAVI0, CAVI was not significantly different between girls aged 7–10 and 11–14 years, 
who were characterized by similar systolic and diastolic BP. Moreover, boys aged 15–
19 years showed significantly lower CAVI, which was associated with higher systolic 
BP compared to girls. These findings are in line with recent analyses showing that 
CAVI decreases with greater actual systolic BP and increases with greater diastolic BP 
(Spronck, Avolio, et al. 2017). In contrast to CAVI, CAVI0 showed a continuous 





The finding of elevated systolic BP in adolescent boys may be related to the previously 
described effects of a large increase in body height in youth, when the large vessels are 
still very elastic (O’Rourke, Vlachopoulos, and Graham 2000). In adolescents and 
young adults, elevated brachial systolic BP may result from unusually high 
amplification of brachial pressure wave due to low aortic PWV and a relatively late 
return of the reflected wave from distant peripheral arteries (O’Rourke and Adji 2017; 
O’Rourke, Vlachopoulos, and Graham 2000). This mechanism is apparent mostly in 
young, tall men who may be frequently diagnosed  with “spurious”, peripheral systolic 
hypertension while their central systolic BP is normal (O’Rourke and Adji 2013, 2017; 
O’Rourke, Vlachopoulos, and Graham 2000). This effect may be present also in our 
study, where the boys aged 15–19 years were significantly taller and had significantly 
higher systolic BP than the respective group of girls. For a correct evaluation of BP in 
youth and its application in prediction of cardiovascular events, it may be of particular 
importance to consider that the predictive effects of BP on a PWV increase differ 
between adolescents and adults. Specifically, in older adults, systolic BP was considered 
to be a better predictor of cardiovascular risk compared to diastolic BP, whereas in 
adolescents diastolic BP was a better predictor of increased aortic stiffening later in life 
(Aatola et al. 2017; O’Rourke, Vlachopoulos, and Graham 2000; Rutan et al. 1988; 
SHEP Cooperative Research Group 1991). Moreover, independent of childhood BP 
status, adults with high BP have a greater risk of high PWV compared to persistently 
normotensive individuals; however, in those with a former (pediatric) hypertension, the 
resolution of elevated BP from childhood to adulthood resulted in reduction of this risk 
(Aatola et al. 2017). Therefore, evaluation of BP-independent indices of arterial 





cardiovascular risk with a potentially superior predictive value compared to a sole 
evaluation of BP or application of conventional methods for PWV assessment.  
With respect to sex differences in arterial stiffness during childhood, previous studies 
showed conflicting results. Voges et al. found no sex differences in arterial stiffness 
assessed using aortic PWV and distensibility (Voges et al. 2012). On the contrary, 
Ahimastos et al. (Ahimastos et al. 2003) found that carotid-femoral PWV in children 
aged 10.3±0.1 years (mean±SD) was higher in girls than boys, but found no significant 
difference between adolescent girls and boys. Furthermore, peripheral PWV was higher 
in younger girls but lower in adolescent girls compared to the respective groups of boys. 
It is important to note that these sex differences in PWV were associated with congruent 
differences in BP which could have contributed to these findings (Ahimastos et al. 
2003). Similarly, in the present study, it seems that sex differences in CAVI in 
adolescents aged 15–19 years are more likely related to the effect of difference in 
systolic BP than to a difference in developmental processes. Moreover, CAVI and 
CAVI0 were not significantly influenced by sex in the regression analysis.  
Anthropometrically, the novel parameter BRI was shown to be among the best 
predictors of CAVI and CAVI0. The negative relationship between BRI and 
CAVI/CAVI0 is in accordance with previously found inverse relationship between 
CAVI/CAVI0 and overweight evaluated using BMI in adolescent age (Mestanik et al. 
2017; Philip et al. 2015).  
The present study’s cross-sectional nature limits its use in assessing the individual 
evolution of the parameters of arterial stiffness over time. Further longitudinal studies 





childhood and the risk of cardiovascular events in adulthood and to subsequently define 
specific CAVI or CAVI0 cut-off points for management of preventive and therapeutic 
interventions. Furthermore, the studied cohort included only Caucasian children and 
adolescents from the Central European region what may limit the ability to extrapolate 







In this paper, we present the first study providing age- and sex-specific reference values 
for the arterial stiffness parameters CAVI and CAVI0 in healthy children and 
adolescents aged 7 to 19 years. CAVI0 showed, to some extent, more robust assessment 
of the differences in arterial stiffness between the age groups of boys and girls aged 7–
10, 11–14, and 15–19 years compared to standard CAVI. In contrast to CAVI0, which 
showed no sex differences, CAVI was lower in boys aged 15–19 years compared to 
girls, which could be explained from the effect of higher systolic pressure. This finding 
supports the suggestion that CAVI0 could offer a more independent method for the 
assessment of arterial stiffness than CAVI. However, it should be noted that in general, 
CAVI and CAVI0 show similar overall trends and differences between the two may 
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Figure 1.  Combined scatter and percentile plots of arterial stiffness parameters cardio-
ankle vascular index (CAVI) and blood pressure-corrected index CAVI0. 
 

